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The ordered hexagonal perovskite,BaTeQ hosts weakly couple® = 5 spin ladders produced by an
orbital ordering of C&" . The magnetic susceptibility(T) of Ba,CuTeQ is well described by that expected for
isolated spin ladders with exchange couplinglof 86 K but shows a deviation from the expected thermally
activated behavior at low temperatures belbw 25K. An anomaly in (T), indicative of magnetic ordering,
is observed almag = 16 K. No clear signature of long-range ordering, however, is captured so far in NWR 1
specibc heat or neutron diffraction measurements at and BglgwTl he marginal magnetic transition, indicative
of strong quantum RBuctuations, is evidence thai@aeQ is in very close proximity to a quantum critical point
between magnetically ordered and spin-gapped phases controlled by interladder couplings.

DOI: 10.1103/PhysRevB.95.104428

Spin ladder systems have proved to be a rich source ahdicates that the interladder coupling is too strong to capture
physics over the years. Isolated two- ISg: = spin ladders a clear signature of the criticality.
are known to have a spin-gapped ground state, in which BaCuTeQ with S = ; CU?* crystallizes in an ordered
correlations decay with an exponential spatial dependenceexagonal perovskite structuré13]. As can be seen in
and with spin-1 excitations, when both the rung couplingFigs.1(b) and1(d), the crystal structure consists of alternate
J: and leg couplingJ, are nonzero I]. When couplings stacking along theaxis of layers with triangular arrangements
between the ladderdifr) are present the system is pushedof CuQ; octahedra and layers with triangular arrangements of
towards long-range ordering. With increasihger, a quantum  TeQs; octahedra. The Cu{and TeQ octahedra in neighboring
critical point (QCP) appears at the onset of long-range orderintpyers are connected alternately by their corners and faces,
Jinter = J¢, as depicted in the schematic phase diagram showgiving rise to the unit cell containing two Cu layers and two
in Fig. 1(a) This is the case for both 3D coupled laddersTe layers along the axis. A uniform Jahn-Teller distortion of
[2,3], a 2D planar array of ladder®4], and a 2D stacked the CuQ@ octahedra [Figl(b)] with Cu?* occurs belovl .t
array of laddersH]. The critical interladder coupling is of the 850 K, which leads to the emergence of ferro-orbital ordering
orderdine/d  0.1D0.4whed = J; = J, butthe exactvalue of the dy25y2 orbitals [14]. This should make the magnetic
depends not only on the geometry of interladder coupling butoupling of theS= 1 Cu?* spins anisotropic. Hybridization
also the ratio of);/J| and the additional interactions in the of the d, 28y orb|tals with 2 orbitals of the four oxygen
system. ions lying in the plane of thel,.s,. orbital, and hopping
Despite the presence of quantum criticality in ladders beingetween O @ orbitals are anticipated to be responsible for
well established theoretically, the experimental realizationthe leading superexchange process between the neighboring
remains challenging. Very few materials have so far been foung?* spins within the corner-sharing Cgde-CuQ; layered
to be near to this QCP. Often the candidates turn out to be iqnit [Figs. 1(b) and 1(c)]. Therefore, as shown in Fig.(c),
the strong-leg limit, for example bis(2,3-dimethylpyridinium) the two couplings) between the neighboring €ualong the
tetrabromocuprated], or the strong-rung (dimer) limit such monoclinicb axis within the triangular plane ant between
as (GH12N)2CuBry [7] and CaViOs [8,9], which places the pairs of C&" in adjacent Cu planes, should be dominant,
those systems far from isotropic ladder physics. It is notwhich would give rise to the formation & = %Iadders.
easy to tuneliner close toJ.. (Dimethylammonium)(3,5- In this study we show that the magnetic susceptibility
dimethylpyridinium)CuBg was shown to contain isotropic and NMR data on BaCuTeQ are fully consistent with the
ladders with a strong antiferromagnetic interladder couplingpresence of couple® = 1 ladders. The sizable interladder
Jinte/d = 0.32, placing it close to the QCP, and displays long-coupling places this compound almost exactly at the QCP.
range magnetic ordering at 2K (,11]. The observation of a A marginal magnetic transition, lacking clear signatures of a
pronounced specibc heat anomaly at the magnetic transitiafansition in NMR, specibc heat, and neutron diffraction data,
was identibed in the magnetic susceptibilitfT) which we
argue to mirror the presence of strong quantum Ructuations
*alexandra.gibbs@stfc.ac.uk around the QCP.
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FIG. 1. (a) A rough schematic phase diagranT at O for the two-legS = 3 antiferromagnetic ladder system with interladder coupling
Jinter- The spin gap is suppressed with increasidg; and goes to zero at the critical couplifg ForJiner > J ¢ long-range order is expected
to develop belowTy. The arrow indicates a possible position for,BaTeQ in this phase diagram. (b) The chain and ladder arrangement
in Ba,CuTeQ. The C#* chains run along the monoclinkzaxis (into the page) and form ladders between layers linked by corner-sharing

TeQ; octahedra (a single ladder is shaded and a second outlined). The ladders, indicated by thick gray lines, form a stacked layer within the

ab plane. The interladder couplings are indicated by arrows. The inset

with label OJ-TO indicates the Jahn-Teller distortion direction. (c) The

CU?* chains running along thee axis in BgCuTeQ. These chains can couple to form ladders via superexchange through oxygen ions. The

intraladder leg and rung exchange couplings are indicatetl &ydJ , respectively. The diagonal intraladder coupling is labg¢lednd the
intralayer interladder couplings are labejedandj ;. The interlayer coupling between ladders through face-sharing @etahedra is labeled
ja- (d) A single layer of ladders in B&€uTeQ. J, J , ] 2, andj ; are indicated by arrows. The ladders are shown as thick gray lines.

Polycrystalline samples were prepared from stoichiometric 2.5 r r r r r
mixtures of dried BaCg@ CuO, and Te® under 3owing chain #5000 Ba,CuTeOgq
oxygen at 950D100€. Powder x-ray diffraction and neutron 2 MOH=1T/ ab

diffraction on HRPD at ISIS15,16] conbrmed the samples

to be of single phase. Single crystals were grown with a 3ux
method based upon that oKl et al.[12,17] using BaCQ,

CuO, and Te@. Single crystal x-ray diffraction af = 296 K
conbrmed the structure to be consistent with that reported b)E‘
Kehletal.[12] butin a higher symmetry space group&i?/m B

1.5

ag
v UoH /1 ab=1T}

o
3

[13]. In (T) for the single crystals and powders no Curie-like g0 —uoHLab=5T

impurity contribution could be well btted. A best estimate :E’ ol ol SpHLe=1T

of the magnetic impurity content indicates0.1% S= 1 o) \ L TK \ \
impurities, showing that our samples are extremely cleang? T T T T T
partly due to full cation ordering caused by the contrasting 9

ionic radii and valences of Gti and Té*. Magnetization X< 2}

and specibc heat were measured using a Quantum DesigrR
MPMS and PPMS, respectively?>Te NMR (| = 1/2 and

about 7% natural abundance) measurements at a bxed fre-
quency of 5544 MHz (corresponding tpoH = 4.12 T) were
performed for 2 T 300K using a conventional pulsed
NMR technique.

Examination of the temperature dependence ¢T),
shown in Fig.2, conbrms the hypothesis of BauTeQ as a
quasi-1D ladder system. The broad overturn arotind 75 K
is characteristic of low-dimensional systems. Fits to the inverse
susceptibility for 170 T 300K gave w S 113Kin-
dicating reasonably strong antiferromagnetic interactions and ;5 o
an effective moment of. 986 ug/ CU?* . (T)is not particularly
well btted by a Heisenberg chain moddl8[19] but it is
better described by an isolated two-leg ladder mosledlhove
T = 35K as can be seen in Fig.(expressions are given in
the Supplemental Material (SM2(]). The ladder model bt,
including correction for core diamagnetismi, = S 1.48 x

1.5}

‘l.

0.5F

150 200 250

T(K)

300

(T) for Ba,CuTeQ single crystal arrays with the
magnetic Peld ofugH = 1T applied parallel (upper panel) and
perpendicular (lower panel) to theb plane. The dashed and solid
lines indicate chain and ladder model bts, respectively. The inset to
the upper panel shows the low temperature region for both orientations
along with the high beld behavior fét ,,. The inset to the lower
panel show$/1 (H) of Ba,CuTeQ for H p.
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n @ ey o temperature dependence of the Knight sKiffT ). As shown
S *-"’/;‘—*' in Fig. 4(b), the temperature dependence of the spin-lattice
5 :ggﬁw : relaxation rate fT; for H 55 andH 4y, in arrays of single
s 7 20K Nl crystals can be btted by an Arrhenius type of behavior
%‘ S| ok TN [1/T1 = AexpS r/kgT)] in the range 50 T 25K
c sl s with r/kg 110 K. The departure seen for 25K may
ig S| —:J/‘»::_._jgﬁ be due to the contribution from the interladder coupling as
0.0 MoH %‘ e \' gg& cjil.:,cusfsed bel(ov;/. Thde larger value OM(F in czr‘?fparison to
F esite 1] o | AN N 26K g from (T) is due to excitations from different wave
A-o_zr(b sstez) 2 1“'_‘5//2‘\‘"“'—\ &l vector components than those probed KyT) and (T).
X r-/ ,\\* 16K This effect has been well demonstrated both theoretically |
704 ) F_Fé/;f;— 12K and experimentally42,23] and g therefore represents the
x_o J R :_.j:;}\\____ 41§E dynamical spin gap. It should also be noted that no critical
| Hip=-18.4 kOefg  * O N Mk behavior, which would be expected if magnetic ordering occurs
00 06 12 18 412 414 416 at aroundlinag = 16K, is seen in AT ;.
X (x10" emu mol ™) HoH (7) Estimates of effective exchange coupling constants from

- _ N LSDA+U band structure calculation®4,25] support the
~ FIG. 3. (a) Fitting of experimentat®’Te NMR spectrum by  previously described ladder picture. The total encfdy, )
simulation of the two Te crystallographic sites at 26 R0][ (b) was calculated as a function of a wave vecfand of an angle
Kiso (%) VS _(T) plots with the temperature as an implicit parameter between spins of two CtiionsintheT = 300 K monoclinic
for both Te sites. (¢) Temperature dependencede NMR spectra.  coym nit cell for a number of spin-spiral structures. Effective
exchange coupling constants were evaluated by Pifijog )
1054 emu mo$1, forH pgivesd/kg 86K,J /] 0.98, to aclassical Heisenberg model. We obtain antiferromagnetic
andg 2.08,with /k g 40K. Atlow temperatures(T)  legcouplingd = 330 meV and rung coupling = 338 meV

remains Pnite and deviates from ladder behavior as will bdor U = 5eV, yielding almost isotropic /J  1.02 in
discussed later. excellent agreement with theT) bt. There is roughly a factor

The *Te NMR data support the spin ladder picture of 4 difference betweed obtained experimentally and that

discussed for the (T) data. The NMR spectrum of the from theU = 5eV calculation. The calculatel parameters
powder sample consists of two components with a 1:1 rati@re found to scale down with increasibgapproximately as
reRecting the two crystallographically inequivalent Te sites1/U and the agreement with the experimental values is not
Each spectrum is well characterized by a powder pattern withnreasonable given the uncertainties present. As expected, the
an anisotropic Knight shift tensor, as shown in F¢a)[20].  other parameters are smaller thanand J . The diagonal
AboveT = 26K alinear relationship betweer{T) andK (T)  couplingj 1 is antiferromagnetic with,/J  0.05. There are

[see Fig.3(b)] conbrms that the observedT) is an intrinsic ~ three main interladder couplings [see Figh)b1(d)]. j > and
property. The individual spectra are plotted in F3¢c). These |3 are between ladders in the same plane (parallel tathe
data are also shown in Fig(a) as a color contour plot of Plane), whereag, couples ladders between planes through
the 125Te NMR intensity in the temperature-magnetic peldthe face-shared Te(bctahedra [Figsl(b) and1(c]. j» and

plane, with the dotted line as a guide to the eye, showing thés are ferromagnetic with/J S 0.06 andj 3/J S,O-O5 )
and have a frustrated two-bond geometry. The OinterplaneO

couplingj 4 may be most important and is antiferromagnetic
4.16mg 1 with j4/J  0.03. Calculations performed using the triclinic
(b) . ﬁﬁ:ﬁ structure rebned from high resolution neutron diffraction data
collected at 1.8 K indicate that the main effect of the triclinic
distortion is to reduce the frustration of the OintraplaneO
v interladder interactions, andj 3 with the coupling along the
axis direction remaining weak. These interladder couplings are
oo T =16K small but not negligible, with a magnitude of the order dfQ
ve magl which may potentially bring the system towards the QCP.
’9 (T) deviates strongly from the expected ladder behavior
4.13 (80, /k= 110K . below approximateff 25K, and affmag 16 Kacuspis
_ \ \ NI PV seen below which the anisotropy of T) becomes profound
0 3 70 105 140 1750.00 0.02 004 006 008 (inset to upper panel of Fig). With lowering temperature
T (K) 1T (K7) below Tmag 16K, au(T) shows a weak increase but in

contrast T) shows a decrease. Note that the upturn below
FIG. 4. (a) Contour plot of the spin echo intensity of the T an(T) P

125Te-peld-sweep NMR spectra as a function of temperature (NMR ™29 16K for élg_g) 'S reproduged t?y the temperature
frequency: 55.44 MHz) for a polycrystalline sample. The dotted “nedependence of the“Te NMR intensity [Fig.4(a), conbrm-

is a guide to the eye. The individual spectra are plotted in Hjig). i

g

v

o
( L_:)equ)

ing the intrinsic origin of this behavior2p]. The cusp is

(b) Semilog plot of 1T, versus 1T. Solid lines correspond to the S€en reproducibly in all batches of single crystals and all

behavior 1T, = Aexp$S r/kgT) at high temperatures whereg poncrystaIIin.e samples (see SN(]). In the mal_gnetization
is the dynamical spin gap. M-H curve (inset to lower panel of Fi@), a rapid increase,
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(a) (b)160 This absence of clear signals of long-range ordering indicates
300115 : p 10 i ihility i . inal¢
. L Tes ®| < 140lS 8 that the cusp seen in susceptibility is a OmarginalO phase
<\.'¥ 250110 | of | X T 6 transition with weak signatures and a suppression of the
— 200 £S5 ..' 5 120 §m4 R ordered moment very likely due to quantum Ructuati@$. [
2 é % 10 2050 o E 100 U;E“Z K The described lack of sharp specibc heat anomaly at the
5150t TE(KY * o7 4 £ 80 % B0 520 Iy marginal phase transition implies that the peak is smeared out
§100 k= 60 (K) ,‘ by quantum critical Buctuations and indeed we detect indica-
.. ) f . .
= o’ ® 40 ni'(;‘@'g;g:ﬁﬂe o7 tions of unquenched magnetic entropy at low temperatures.
© 50f  L*° O 5 ol ™ As seen in the inset to Figh(a) C/T vs T2 is not linear,
o/ 0 o* even below 5K. A best estimate of the phonofi¢ lattice
0 100 200 300 0 5 10 15 20  contribution, from bttingC/T = T ? belowT = 85K, is
T2 (K?) T (K) indicated as a dashed line in Fi§(a) For the nonmagnetic

analog BaznTeQ;, C/T vsT?is completely linear below 5K

FIG.5. (a) The specibc hedl of single crystal BgCuTeQ  [30] and the Debye temperature of 82uTeQ ( p 323 K),
plotted a<C/T vsT2. The dashed line indicates an approximate latticeestimated from the dashed line in Fii(a), agrees reasonably
T3 term as described in the text. The inset shows an enlarged view Qfell with that of BazZnTeQ ( b 377K). These facts
the low temperature region. (b) The estimated ma_gnetic speciPc hegldicate that the dashed line in Fig(a)is areasonable estimate
Crao(T) for Ba,CuTeQ plotted aCnad T vsT. The insetshowsthe  of the |attice contribution and that there is an additional
estimated magnetic entrof$ha(T) as a percentage ®IN2 up 10 ¢4pribution to the specibc heat other than the lattice which
T = 20K. can naturally be ascribed &= % spins. The magnetic specibc

heatCnag(T) was estimated by subtracting the aforementioned
almost steplike, was observed around T only for H ap.  phononicT® term from the total specibc heat, the result is
Since the behavior of (T) well above 15T is quite similar  shown in Fig5(b). Cmag(T) was then integrated to provide an
to an(T), this anomaly likely represents a spin reorientationestimate of the magnetic entroyaT), shown in the inset
transition. All of these results point to the conclusion thatto Fig. 5(b), which is approximately 4.5% dRIn2 at 17 K.
the anomaly alneg 16K is due to magnetic ordering. We Despite the presence of such a large magnetic entropy at low
argue that the ordering is associated with the small but Pniteemperature, no clear anomaly is preser@ingT) at Tmag
interladder coupling and that the system has marginally passexb K and the entropy is quenched only graduallyite: OK.
the expected QCP. The deviation dfT ) from ladder behavior  We argue that the large magnetic specibc heat observed around
at low temperatures could be understood as the manifestation,,; 16 K represents the quantum RBuctuations associated
of the effect of interladder coupling and quantum criticality. with the close proximity to the QCP.

A quantum Monte Carlo (QMC) simulation of (T) After submission of our manuscript another paper reporting
for isolated and coupled ladder systen3 indicated very the physical properties of B&uTeQ was published by Rao
weak changes at high temperatures abbves 0.2D03J/kg et al. [31]. Raoet al. identify the same features as we do in
upon the introduction of the interladder coupling. At low susceptibility, also see the weak transitionHat 1.5 T in
temperatures belowl , however, the thermally activated M(H) and also fail to detect a sharp anomaly in zero beld
behavior of (T) re3ecting the spin gap in the isolated systemspecibc heat although they do see an extremely weak hump in
was found to be drastically suppressed by the interladdethe vicinity of Tmag That ourindependent studies determine the
coupling. Eventually, passing the critical point, the thermallysame features is further conbPrmation of their intrinsic nature.
activated behavior is completely absent and a Phite 0  Despite the experimental consistency, the theoretical exchange
susceptibility (0) emerges. Although the model used was toopath analysis of Raet al. does differ from ours substantially.
oversimplibed to allow for quantitative comparison, the QMCThey identify ladders in their triclini@ac plane based upon
result for coupled ladders above the critical point mimics thethe room temperature structure rebned using a triclinic model
essential features of(T) in Ba,CuTeQ. from room temperature synchrotron data. The origin of the

Despite the weak but clear signature of orderingal in conRict between our results remains to be resolved but perhaps

(T), specibc heat measurements in both zero beld and appligide one potential source is the structural data used for input.
pelds of 5 and 13 T failed to Pnd any clear anomaly indicativeDur calculations are based upon structures rebPned from high
of ordering atTmag (See Fig.5(a) and SM PR0]). Neutron  resolution neutron diffraction which is intrinsically much more
diffraction experiments using a large-volume powder samplesensitive to oxygen positions, especially in the presence of
on Echidna at the OPAL reactoR]] showed no magnetic heavy elements such as Ba and Te. The consistency between
Bragg peaksZ0], indicating a small ordered moment due to our room temperature monoclinic and low temperature triclinic
renormalization of the moment by quantum Buctuations. Thealculations conbrms that the interactions are not substantially
upper bound for the moment expected to be detectable in thehanged by the triclinic distortion, consistent with their orbital
Echidna experiment is 0.5 ug and therefore further neutron ordering origin.
diffraction investigations are underway to resolve the details We will now set BaCuTeQ in the context of other spin-
of the ordering. Such strongly suppressed ordered magnetladder and quasi-1D systems with magnetic order. Previous
moments in the vicinity of a quantum phase transition haveexamples in the literature of ordering Bi= % ladders or
been observed in other casé&4,R8]. No anomaly in the NMR  chains have involved clear signatures such as sharp anomalies
spin-lattice relaxation rate/T, measured on aligned single in heat capacity 11,32E84] and divergent peaks in NMR
crystals was detected upon passing throlighy [Fig. 4(b)]. 1T, [35,36]. In ladder materials with Peld-induced magnetic
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ordering the onset of long-range order is also usually unams = 1 spin ladders due to ferro-orbital ordering on the*Cu

biguous B7,38]. The behavior of BsCuTeQ is therefore, to  sjte. The very weak signature of order iffT), without any

the best of our knowledge, in clear contrast to other similacorresponding clear signature of long-range order yet detected

systems. The lack of an anomaly ifiTy is the most unusual in specibc heat, neutron diffraction, or NMR points to the

feature. 1T, is generally a very reliable probe of ordering conclusion that BeCuTeQ is almost precisely at the QCP for

in low-dimensional system§{5,36,39,40]. There are cases in the antiferromagnetis = % Weakly coupled ladder system,

which a change in gradient or cusp rather than a divergent peaghere quantum Ructuations dominate. Compared to other

is seen in 1T, in low-dimensional quantum magnet8d.  systems close to the QCP, such as (Dimethylammonium)(3,5-

This is thought to be related to the suppression of classicalimethylpyridinium)CuBj, in which clear thermodynamic

antiferromagnetic ordering by quantum Ructuations, as weijgnatures of order are seen ,BaTeQ may provide a better

propose to be the case in ZuTeQ. The origin of the lack  opportunity to study the quantum criticality of the weakly

of any divergent peak or increase iff} around the ordering  coupled ladder system.

temperaturdnagin Ba,CuTeQ, along with the precise nature

of the ordering, remains unclear and further experimental The authors thanke#éme Dufour, George Jackeli, éderic

and theoretical investigations are required. The small orderellila, Masaaki Nakamura, Seiji Niitaka, and Andreas W.

moment and weak signatures of the transition point to theRost for invaluable discussions. A.S.G. thanks Professor A.

inBuence of quantum Ructuations due to the proximity to thé®. Mackenzie and Professor P. Lightfoot for support in the

QCP. early stages of the project. This work was partly supported by
In conclusion, we have discovered that,BaTeQ is a  Grant-in-Aid for Scientibc Research (S) (Grant No. 24224010)

clean, site ordered system with OhiddenO antiferromagnetiad the Alexander von Humboldt Stiftung.

[1] T. Barnes, E. Dagotto, J. Riera, and E. S. SwanBhys. Rev.  [15] R. M. Ibberson, W. I. F. David, and K. S. Knight, Rutherford

B 47,3196(1993. Appleton Laboratory Report No. RAL-92031 (1992).
[2] B. Normand and T. M. RicePhys. Rev. B4, 7180(1996. [16] R. M. IbbersonNucl. Instrum. Methods Phys. Res. Sec6@0,
[3] M. Troyer, M. E. Zhitomirsky, and K. Ued&hys. Rev. B55, 47 (2009.

R6117(R)(1997). [17] P. Kehl, U. Muiler, and D. ReinenZ. Anorg. Allg. Chem.392,
[4] M. Imada and Y. linoJ. Phys. Soc. Jp®6, 568(1997). 124(1972.

[5] D. C. Johnston, M. Troyer, S. Miyahara, D. Lidsky, K. Ueda, M. [18] J. C. Bonner and M. E. FishePhys. Rev135 A640(1964).
Azuma, Z. Hiroi, M. Takano, M. Isobe, Y. Ueda, M. A. Korotin, [19] W. E. HatPeld, R. R. Weller, and J. W. Halhorg. Chem.19,

V. I. Anisimov, A. V. Mahajan, and L. L. MillerarXiv:cond- 3825(1980).

mat/0001147 [20] See Supplemental Material lattp://link.aps.org/supplemental/
[6] A. Shapiro, C. P. Landee, M. M. Turnbull, J. Jornet, M. Deumal, 10.1103/PhysRevB.95.104428r further details of structural

J. J. Novoa, M. A. Robb, and W. Lewi$, Am. Chem. Socl29, determination, susceptibility, NMR, and high beld measure-

952(2007). ments and electronic structure calculations.

[7] B. Thielemann, C. Regg, K. Kiefer, H. M. R¢nnow, B. [21] J. Kishine and H. Fukuyamad, Phys. Soc. Jp166, 26 (1997).
Normand, P. Bouillot, C. Kollath, E. Orignac, R. Citro, T. [22] Y. Itoh and H. Yasuoka]. Phys. Soc. Jp66, 334(1997).
Giamarchi, A. M. lauchli, D. Biner, K. W. Kemer, F. Wolff-  [23] G. Chaboussant, M.-H. Julien, Y. Fagot-Revurat, L. &y, C.
Fabris, V. S. Zapf, M. Jaime, J. Stahn, N. B. Christensen, B. Berthier, M. Horvatg, and O. Piovesan®hys. Rev. Lett79,

Grenier, D. F. McMorrow, and J. Mes®&hys. Rev. B9, 020408 925(1997).
(2009. [24] A. . Liechtenstein, V. I. Anisimov, and J. Zaandthys. Rev. B
[8] M. A. Korotin, V. I. Anisimov, T. Saha-Dasgupta, and I. 52, R5467(R)(1995.
Dasgupta,]. Phys.: Condens. Matt&®, 113(2000. [25] A. N. Yaresko, V. N. Antonov, and P. FuldBhys. Rev. B57,
[9] T. Ohama, M. Isobe, and Y. Ueda, Phys. Soc. Jpi70, 1801 155103(2003.
(2001). [26] The NMR data were taken at a frequency of 55.44 MHz,
[10] F. Awwadi, R. D. Willett, B. Twamley, R. Schneider, and C. P. corresponding to a magnetic beld of 4.12 T and in this high
Landee]norg. Chem47, 9327(2008. beld region the susceptibility fad ,, also increases below
[11] T. Hong, K. P. Schmidt, K. Coester, F. F. Awwadi, M. M. Tmag therefore the polycrystalline samples show an increase in
Turnbull, Y. Qiu, J. A. Rodriguez-Rivera, M. Zhu, X. Ke, C. (T) below Trag at this Peld since both(H 4) and (H ap)
P. Aoyama, Y. Takano, H. Cao, W. Tian, J. Ma, R. Custelcean, increase belowW yag
H. D. Zhou, and M. Matsud&hys. Rev. B39, 174432(2014. [27] K.-D. Liss, B. Hunter, M. Hagen, T. Noakes, and S. Kennedy,
[12] P. Kehl and D. ReinenZ. Anorg. Allg. Chem 409, 257 (1974. Phys. B385-386 1010(20086).
[13] We note that high resolution neutron diffraction on HRPD at [28] M. Yoshida, Y. Okamoto, M. Takigawa, and Z. Hirdi, Phys.
ISIS showed the presence of a very weak transition f@fm Soc. Jpn82,013702(2013.

to P® symmetry afl = 287 K. The details will be reported [29] P. Mendels and F. Ber€. R. Phys17, 455(2016.
elsewhere [A. S. Gibbs, K. S. Knight, P. J. Saines, J. R. Hestef30] Ba,ZnTeQ; has a higher symmetry structure than8aTeQ in

and H. Takagi (unpublished)]. the low temperature regime (with space gra®m compared
[14] D. Khomskii, Transition Metal Compounds(Cambridge to theP Zspace group of B&uTeQ in this range 13]) and can
University Press, Cambridge, 2014). therefore not be used for a reliable subtraction. However, the

104428-5



A.S. GIBBSet al. PHYSICAL REVIEW B 95, 104428 (2017)

similar Debye temperature indicates that our estimatéterm [36] S. Matsumoto, Y. Kitaoka, K. Ishida, K. Asayama, Z. Hiroi,

is reasonable. N. Kobayashi, and M. TakandPhys. Rev. B53, R11942
[31] G. N. Rao, R. Sankar, A. Singh, I. P. Muthuselvam, W. T. Chen, (19996.

V. N. Singh, G.-Y. Guo, and F. C. Cholhys. Rev. B93, 104401 [37] Z. Honda, H. Aruga Katori, M. Ikeda, M. Hagiwara, K.

(20189. Okunishi, M. Sakai, T. Fukuda, and N. Kamafa,Phys. Soc.
[32] V. N. Glazkov, G. Dhalenne, A. Revcolevschi, and A. Zheludev, Jpn.81, 113710(2012.

J. Phys.: Condens. Matt28, 086003(2011). [38] P. R. Hammar, D. H. Reich, C. Broholm, and F. Trolrhys.
[33] B. Roessli, U. Staub, A. Amato, D. Herlach, P. Pattison, K. Rev. B57, 7846(1998.

Sablina, and G. A. Petrakovskithysica B296, 306 (2001). [39] H. Yoshida, Y. Okamoto, T. Tayama, T. Sakakibara, M.
[34] G. Deng, M. Kenzelmann, S. Danilkin, A. J. Studer, V. Tokunaga, A. Matsuo, Y. Narumi, K. Kindo, M. Yoshida, M.

Pomjakushin, P. Imperia, E. Pomjakushina, and K. Coriters. Takigawa, and Z. HiroiJ. Phys. Soc. Jp78, 043704(2009.

Rev. B88, 174424(2013. [40] F. Bert, D. Bono, P. Mendels, F. Ladieu, F. Duc, J.-C. Trombe,
[35] F. Casola, Ph.D. thesis, ETH Zurich, 2013. and P. Millet,Phys. Rev. Lett95, 087203(20095.

104428-6



